Neutron-induced background in the CONUS experiment by Hakenmüller, J. et al.
Eur. Phys. J. C manuscript No.
(will be inserted by the editor)
Neutron-induced background in the CONUS experiment
J. Hakenmüllera,1,c, C. Buck1, K. Fülber2, G. Heusser1, T. Klages3,
M. Lindner1, A. Lücke3, W. Maneschg1, M. Reginatto3, T. Rink1,
T. Schierhuber1, D. Solasse2, H. Strecker1, R. Wink2, M. Zbořilb,3,
A. Zimbal3
1Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
2Preussen Elektra GmbH, Kernkraftwerk Brokdorf, Osterende, 25576 Brokdorf, Germany
3Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany
Received: date / Accepted: date
Abstract CONUS is a novel experiment aiming at de-
tecting elastic neutrino nucleus scattering in the al-
most fully coherent regime using high-purity germa-
nium (Ge) detectors and a reactor as antineutrino source.
The detector setup is installed at the commercial nu-
clear power plant in Brokdorf, Germany, at a close dis-
tance to the reactor core to guarantee a high antineu-
trino flux. A good understanding of neutron-induced
backgrounds is required, as the neutron recoil signals
can mimic the predicted neutrino interactions. Espe-
cially events correlated with the reactor thermal power
are troublesome. On-site measurements revealed such a
correlated, highly thermalized neutron field with a max-
imum fluence rate of (745±30) cm−2d−1. These neu-
trons, produced inside the reactor core, are reduced by
a factor of ∼1020 on their way to the CONUS shield.
With a high-purity Ge detector without shield the γ-ray
background was examined including thermal power cor-
related 16N decay products and neutron capture γ-lines.
Using the measured neutron spectrum as input, Monte
Carlo simulations demonstrated that the thermal power
correlated field is successfully mitigated by the CONUS
shield. The reactor-induced background contribution in
the region of interest is exceeded by the expected signal
by at least one order of magnitude assuming a realistic
ionization quenching factor.
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1 Introduction
Coherent elastic neutrino nucleus scattering (CEνNS)
is a purely neutral weak interaction with a large va-
riety of physics applications. These span from super-
novae dynamics and nuclear form factors to the search
for phenomena beyond the Standard Model: deviations
from the Weinberg angle at MeV scale, electromagnetic
properties of neutrinos as well as non-standard inter-
actions in the neutrino-quark sector. Even though pre-
dicted in 1973 [1], CEνNS has eluded detection for more
than four decades mainly due to technological difficul-
ties in observing tiny nuclear recoils below few keVee of
ionization energy. It was observed for the first time in
2017 by the COHERENT experiment [2]. Furthermore,
the demand for very intense neutrino fluxes e.g. pion-
decay-at-rest sources or commercial nuclear reactors,
requires that the experiments are built close to these
neutrino sources. At such shallow depth locations, sev-
eral background components can aggravate the attempt
of detecting CEνNS.
CONUS is a novel experiment which aims at detecting
CEνNS signals using reactor antineutrinos. Since April
1, 2018, it is operational at the nuclear power plant
in Brokdorf (Kernkraftwerk Brokdorf; KBR) [3], Ger-
many, where it is located at an average depth of 24m of
water equivalent (m w.e.) and 17.1m distance to the re-
actor core center. Four ultra-low threshold, high-purity
germanium (HPGe) detectors are embedded in a multi-
layer shield, profiting from decades-long developments
for low-background Ge γ-ray spectroscopy [4,5] at the
Max-Planck-Institut für Kernphysik (MPIK) in Heidel-
berg, Germany. While for most applications (such as
the selection of intrinsic radiopure materials) neutron-
induced backgrounds were not critical so far, these be-
come relevant for CONUS-like experiments. Thus, all
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2potential neutron sources at the KBR reactor site had
to be inquired first: cosmogenic neutrons induced by
muons in the reactor building and in the CONUS shield;
neutrons from the spent fuel storage pond above the ex-
periment; (α,n) reactions from natural radioactivity in
the surrounding concrete walls and basements; neutrons
from the reactor core; and γ-radiation from neutron-
induced isotopes decaying along the primary coolant of
the pressurized water reactor. Whereas the first three
classes are steady-state sources, the latter two are po-
tentially troublesome. Both can mimic CEνNS signals,
since they are correlated with the thermal power and
can contribute counts to the region of interest. Quanti-
fying these backgrounds via independent measurements
and determining their impact on the CONUS HPGe de-
tector energy spectra are of fundamental importance. In
order to achieve a high accuracy, the CONUS collab-
oration and the Neutron Radiation Department of the
Physikalisch-Technische Bundesanstalt (PTB) in Braun-
schweig, Germany, developed an extensive measurement
program and validation procedures. The multi-variate
approach included neutron and γ-ray detection tech-
niques, multiple measurement campaigns during reac-
tor ON/OFF times at the experimental site, scans of
different room positions, measurements inside and out-
side the CONUS shield, measurements at the reactor
site and at the MPIK underground laboratory under
similar overburden conditions, and the deployment of
high and low activity 252Cf neutron sources. In addi-
tion, Geant4-based Monte Carlo (MC) simulations were
performed for all these configurations. In a first step,
the measurements helped to validate the MC code in
terms of neutron generation and propagation. In a sec-
ond step, the MC simulations were used to support and
interpret the neutron measurement results in detail. Fi-
nally, they were used to predict the impact of the mea-
sured thermal power correlated neutrons and γ-ray flux
on the CONUS HPGe detectors.
This article focuses on the neutron (direct) and neutron-
induced γ-ray (indirect) measurements and related MC
simulations for the CONUS experimental site. The ar-
ticle is structured as follows: Section 2 describes the
direct and indirect neutron detection techniques and
the thermal power determination. Section 3 presents
the reactor environment and Section 4 the implementa-
tion of the reactor simulation. In Section 5, the Bonner
sphere neutron measurements and the results includ-
ing the comparison to MC expectations are discussed
in detail. In the same way, the measurements with the
HPGe spectrometer CONRAD including the compari-
son to MC are summarized in Section 6. Finally, Sec-
tion 7 describes the MC simulation of the measured
neutron field and γ-ray background passing through the
CONUS shield to investigate the impact of the neutron-
induced signals on the energy spectra of the CONUS
detectors.
2 Description of neutron sensitive devices used
in this work
2.1 Direct neutron detection
A Bonner sphere Spectrometer (BSS) [6,7] consists of a
set of moderating spheres with different diameters and
a thermal neutron sensor that is placed at the centre of
each sphere. Each sphere plus thermal sensor combina-
tion has a different energy-dependent response to neu-
trons. The peak of the neutron response function shifts
to higher neutron energies as the size of the moderator
increases (the responses of the Bonner spheres used for
the measurements at KBR are shown in Figure 1). It
is usual practice to measure also with the thermal neu-
tron sensor without a moderating sphere (i.e. the bare
detector).
The measurements of the neutron background at
KBR were carried out with the BSS NEMUS [8] of
PTB. It consists of ten polyethylene (PE) spheres with
diameters1 3, 3.5, 4, 4.5, 5, 6, 7, 8, 10 and 12 ”. The
set also contains a bare detector (diameter 3.2 cm), a
Cd-covered detector, and four modified spheres with
lead (Pb) and copper (Cu) shells. Thanks to the metal,
embedded in the PE spheres, the response functions
dramatically increase for neutron energies above En ∼
50MeV. The central thermal neutron sensors are spher-
ical 3He-filled proportional counters (type SP9, com-
pany Centronic Ltd. [9]), detecting the thermalized neu-
trons via the reaction:
n+ 3He→ 3H+ p +Q, with Q=764 keV. (1)
For the measurements carried out at KBR, we used
SP9 counters with 3He pressure of ∼ 200 kPa. In order
to cover the complete energy range of the expected neu-
tron field and yet minimize the required measurement
time, we chose a minimal subset of spheres, namely a
bare counter, 3, 4.5, 6, 8, 10 and 12 ”, plus the modified
sphere of 8 ” diameter containing a Pb shell of 1 ” thick-
ness. The inclusion of the modified sphere improves the
spectrometric properties of the system at higher ener-
gies and allows to check for the presence of high-energy
cosmic-ray induced neutrons (En ∼ 100MeV [10]), even
though due to the massive concrete shield above the
CONUS site their contribution is expected to be very
small.
1In this paper we use the convention of labeling each Bonner
sphere by its diameter in inches, 1 in = 2.54 cm.
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Fig. 1 Neutron response functions of the Bonner spheres
used for the measurement. At thermal neutron energies En ∼
10−9MeV the response of the bare detector rises to Rth =
6.2 cm2
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Fig. 2 Pulse height spectrum of a 3He-filled proportional
counter acquired after 3 days of measurement during the re-
actor ON period. The solid blue line depicts the total fit func-
tion including the background. The solid red line shows the
fit function describing the neutron-induced component of the
PHS
In general, the neutron count rates measured at
KBR were very low, of the order of ∼ 10 counts per
hour and detector, or less. To determine the number
of neutron-induced events in the pulse height spectra
(PHS) recorded with the SP9 counter, the procedure,
previously developed for measurements in underground
laboratories [11,12,13], was applied. Figure 2 shows a
typical PHS, together with the fit function to describe
the PHS shape and to extract the neutron signal from
background.
2.2 Indirect neutron detection
HPGe spectrometers with and without shield can be
used to indirectly gain information on neutron fluences.
This is possible by the detection of the γ-rays emitted
after neutron capture either in the vicinity of the Ge de-
tector or in the detector material itself. Mostly thermal
neutrons are captured, but there is also a contribution
from higher energetic neutrons (see Figure 3).
Without any shield, γ-rays from neutron capture
in the building structure (e.g. reinforced concrete with
steel) can be seen by the HPGe detector. The spectrum
below 2700 keVee is dominated by natural radioactivity,
but for neutron captures, higher energetic lines at up
to ∼10MeV are emitted, where nearly no other back-
ground is expected. From the resulting spectrum, the
isotopes found in the environment can be identified and
from the γ-line count rate the neutron fluence rate can
be estimated. In order to do this, MC simulations in-
cluding the geometry of the detector and the location
with the correct material compositions are required.
In the MC simulation, the neutron captures are repro-
duced including the capture probability over the whole
neutron energy range. The method is less precise than
a direct measurement with Bonner spheres as described
in Section 2.1, but it allows to estimate independently
a fluence, to support results from direct measurements
or to validate a MC simulation. For the CONUS exper-
iment, this is done in a measurement with the CON-
RAD (CONus RADiation) HPGe spectrometer at the
location of the nuclear power plant. The results can be
found in Section 6.
Gaining information from neutron capture is manda-
tory, if a direct measurement is not possible e.g. to study
the neutron fluence at a HPGe diode within a shield
that cannot be opened anymore. While the γ-radiation
from outside is highly suppressed, lines from neutron
capture within the shield material as well as in the Ge
of the detector become visible. At shallow depth, many
of these lines are induced by the neutrons created via
muon capture inside the shield. There can also be con-
tributions from neutrons fluences from outside propa-
gated through the shield. To be able to detect these
γ-lines, a low background level within the shield is re-
quired. This is usually achieved by applying a muon
anti-coincidence system (so-called "muon veto"). In this
way, especially γ-lines from metastable Ge states with
half-lives longer than a veto window in the range of a
few hundred µs become clearly visible [5]. Once again,
the neutron fluence can be estimated from the γ-line
count rate or measurements of the line count rates can
be used to validate the neutron production inside the
shield in the MC simulation. This has been done for a
4detector at the MPIK laboratory in detail [14]. For the
CONUS experiment, this will be featured in an upcom-
ing publication.
In addition to neutron capture, neutrons in Ge can
also undergo inelastic and elastic scattering depend-
ing on their energy. In these interactions, there will be
Ge recoils with an identical signature as the one for
CEνNS. Thus, this highly relevant background for the
CONUS experiment will be discussed in detail in Sec-
tion 7.
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Fig. 3 Cross section for neutron capture on 74Ge to the
139.7 keV state of 75mGe, data from [16]. The cross section for
thermal neutrons with (130.5±5.6)mb [17] exceeds the values
at higher energy shown in the plot by one order of magnitude
2.2.1 Specifications of the HPGe spectrometer
CONRAD
For background studies without shield at the reactor
site the ultra-low background p-type coaxial HPGe de-
tector CONRAD (m =2.2 kg), with the diode refur-
bished by Mirion Technologies, Canberra Olen [15], is
employed within the CONUS experiment. It has been
used furthermore for background studies inside the
CONUS shield during the commissioning phase of the
experiment at the MPIK underground laboratory. The
large detector mass is beneficial to especially detect
high energetic γ-lines up to ∼11MeVee as the detector
also has a high geometric detection efficiency at these
energies. To be allowed to set it up at KBR, the detector
was upgraded with an electrical cryocooling system.
The detector has an active mass of (1.90±0.15) kg,
which was determined as described in [5], [18], [19].
The thickness of the inactive layer at the diode surface
has been evaluated from the ratio of the absorption of
241Am γ-lines at different energies compared to a MC
simulation and amounts to (2.5±0.1)mm. Moreover, to
adjust to the measured line count rates from 60Co mea-
surements in different positions, the bore hole dimen-
sions were adapted. All in all, 85% of the Ge crystal are
active.
With the help of pulser scans over the whole en-
ergy range up to 11MeVee it could be confirmed that
the detection efficiency due to electronics is constant
over the whole spectral range. Furthermore, the peak
position has been found stable within 1 keVee over a
period of 2months. A small non-linearity within the en-
ergy scale has been discovered making it necessary to
calibrate separately the two energy regions, where γ-
lines have been observed (below 2700 keVee and above
4500 keVee), with two linear functions.
2.2.2 Specifications of the CONUS HPGe
spectrometers
The CONUS experiment employs four 1 kg ultra-low-
background p-type point contact HPGe spectrometers
equipped with an electrical cryocooling system (manu-
factured by MPIK and Mirion Technologies, Canberra
Lingolsheim[20]). This is beneficial for a low noise thresh-
old required to detect CEνNS as well as for the reac-
tor environment, as no cryogenic liquids for cooling the
diodes are allowed there. With various source and back-
ground measurements, the characteristics of the detec-
tors have been determined and will be described in an
upcoming publication. In the course of this publication,
the specifications of detector 1, referred to as C1, are
used exemplary to determine the expected measured
spectrum of reactor neutrons at the diode. As for the
CONRAD detector, the active volume has been deter-
mined from the 214Am source measurements at differ-
ent positions compared to MC simulations. An inactive
layer on the side and on top of the diode at the opposite
of the point contact is assumed. While the detector is
completely inactive at the diode surface, i. e. inside the
so-called "dead layer", this is not true for the transition
layer, i. e. the volume in between the dead layer and
the active volume of the diode. In this transition layer,
the charge collection efficiency decreases continuously
towards the diode’s surface. Thus, energy depositions
outside of the active volume can induce counts in the
spectrum, but these so-called "slow pulses" will be re-
constructed at energy values below the original energy.
The effect can be observed clearly in the energy range
below the 59.54 keV peak of the 214Am source measure-
ments. Assuming a sigmondial shape for the decreas-
ing charge collection efficiency in the MC of the source
measurements as suggested in [21], the thickness of the
5transition layer can be evaluated by varying it and com-
paring the resulting shape to the source measurements.
For C1, this amounts to about 30% of the total layer
thickness. The information is employed to correctly de-
scribe the spectral shape of a background contribution.
Subtracting transition and dead layer, an active mass
of (0.94±0.03) kg is determined.
Moreover, with the help of pulser measurements the
detector response towards the noise threshold was stud-
ied. The detection efficiency decreases towards the noise
edge at around 300 eVee.
2.3 Neutron flux-correlated reactor instrumentation
2.3.1 Absolute thermal power
For a good estimation of the neutrons emitted in the
reactor core as well as a precise prediction of the neu-
trino flux, one of the crucial reactor quantities is the
thermal power. The thermal power in a nuclear reactor
is given by the number of fissions times the energy re-
leased per fission summed over all fission isotopes. The
relevant contributions are coming from the two ura-
nium (U) isotopes, 235U and 238U, as well as the two
plutonium (Pu) isotopes, 239Pu and 241Pu.
The absolute thermal power of a commercial pres-
surized water reactor (PWR) as in Brokdorf is deter-
mined by monitoring the heat flow in the secondary cir-
cuit. The most relevant parameters in this calculations
are the mass flow of the feed-water in the secondary
circuit of the reactor and the specific enthalpy rise in
the steam generator. Corrections have to be made for
losses in the primary and secondary circuits e.g. due
to radiation and convection or for contributions of the
circulation pumps. Those have only minor impact on
the final uncertainty of the thermal power estimation,
since they account for less than 1% of the total power.
The maximal thermal power of KBR at full operation is
3.9 GW corresponding to a gross electrical power out-
put of 1.47 GW.
The systematic uncertainties on the thermal power
estimation are summarized in Table 1. The enthalpy
rise can be calculated from steam tables using measured
values of pressure, temperature and moisture content
around the steam generator. The feed-water is circu-
lated at a rate of about 2000 kg s−1. The temperatures
of the water and steam are determined before and af-
ter the steam generator. The systematic uncertainty on
the thermal power associated to those measurements is
0.54%. The moisture content of the steam contributes
with 1.56% to the total uncertainty.
The dominant contribution on the uncertainty of
the thermal power is given by the mass flow measure-
Table 1 Contributions to the uncertainty of the thermal
power Pth estimation from the energy balance in the sec-
ondary circuit.
syst. uncertainty rel. uncertainty
on Pth(%)
temperature 0.54
flow meter 1.64
moisture 1.56
ment. The flow meter used at KBR is operated on the
principle of the Venturi effect and has an uncertainty of
1.64%. From the combination of those uncorrelated con-
tributions by quadratic summation, a total uncertainty
on the absolute thermal power of 2.3% (1σ) is obtained.
The statistical variations of the thermal power measure-
ments during a cycle are on a negligible level of about
0.1%.
The thermal power determination in the secondary
circuit is rather insensitive to fast changes and pro-
vides no spatial information about the situation inside
the reactor core. The spacial distribution and power
variations are therefore determined using ex-core and
in-core neutron flux instrumentation (see Section 2.3.3
and Section 2.3.2). Especially the fast neutron flux in
the ex-core instrumentation is an indicator for the local
thermal power generation.
2.3.2 Ex-core instrumentation
The ex-core instrumentation is situated in the concrete
shield (so-called "biological shield") around the reactor
core as shown in Figure 4. To be able to cover more
than 14 orders of magnitude of neutron flux the in-
strumentation consists of three different systems. Two
of them use ionization chambers and one uses propor-
tional counters. The counting gas in all systems is BF3.
The neutrons are detected via the reaction
10B + n→ 7Li + α. (2)
One of the systems based on ionization chambers
is able to cover the full range of the thermal power
from 0 to 100% and provides a linear relation between
the thermal power and the neutron flux. The chambers
are placed in 4 radial positions around the core. The
system consists of two chambers, connected in parallel,
monitoring the upper half of the core and two cham-
bers, connected in parallel, monitoring the lower half.
There are basically three parameters having an impact
on the detected signal: the relative power of neighbor-
ing fuel assemblies, the temperature of the coolant and
the boron (B) concentration of the coolant. Therefore
regular calibration of the system is needed, since the B
6Fig. 4 External neutron measurement system at nuclear
power plant in Brokdorf (ex-core instrumentation, linear
scale: standard reactor operation, log scale: when the reac-
tor is turned on and off)
concentration is decreasing over a cycle and the coolant
temperature can vary e.g. in stretch-out operation of
the reactor. In-between calibrations, these dependen-
cies introduce a systematic uncertainty of up to 1.5%.
In combination with a 2.5% statistical uncertainty, an
overall uncertainty of the ex-core instrumentation of 3%
is estimated. The proportional counters and the loga-
rithmic range are only used while inducing criticality at
the beginning and end of each reactor cycle, when the
reactor is turned on and off respectively.
2.3.3 In-core instrumentation
The in-core instrumentation is positioned inside the
guide tubes of certain fuel assemblies not occupied by
control rods. Two systems exist. Eight fuel assemblies
are each equipped with six so-called "self-powered neu-
tron (SPN)" detectors, distributed axially over the length
of the core. They rely on the reaction
59Co + n→ 60Co + γ, (3)
where the γ-radiation generates an electrical potential
due to the photoelectric effect. The subsequent current
in the measuring chain is proportional to the neutron
flux. The 48 SPN detectors continuously monitor the
radial and axial power distribution in the core. Af-
ter appropriate calibration they show the maximum
power per rod length unit (W/cm) in their respective
surveillance region. Furthermore, in the so-called "aer-
oball measuring system" (AMS) guide tubes of 28 fuel
assemblies (one tube in each assembly) are equipped
with double pipes entering through the reactor vessel
lid down to the lower end of the fuel assembly. During
measurement a column of about 3000 steel balls (di-
ameter 1.7mm) containing 1.5% of Vanadium (V) is
inserted into the core, where the 51V is partially acti-
vated to 52V (T1/2=3.75min) for about three minutes.
The amount of activation is proportional to the ther-
mal neutron flux at the point of activation and hence
to the local reactor power. At 32 axial measuring points
(so-called "parcels") the 1.4MeV γ-ray emitted by 52Cr
as β decay product of 52V is measured. Semiconductor
detectors are used to discriminate the signal delivered
by interfering nuclides such as 56Mn and 51Cr. Thus, a
3D map of relative power distribution in the core can be
created. The values for fuel assemblies not instrumented
are extrapolated from the 28 instrumented ones. An ex-
ample for such a (radial/polar) distribution is shown in
Figure 5. The relative contribution of each fuel assembly
to the total power is given. Summing up all contribu-
tions amounts to 193, the total number of fuel elements.
The AMS is used on demand, typically twice per week,
to calibrate the SPN detectors and to calculate the po-
sition dependent reactor burn-up. KBR operates a core
simulator (POWERTRAX/S [22], designed by FRAM-
ATOME GmbH), relying on the same technology that
is used for core design. Based on various plant data like
temperatures, thermal reactor power and control rod
insertion depth, the simulator is capable of providing
an online 3D image of the power distribution in the
core. Calculations are done automatically, usually ev-
ery two hours and more frequently in case of transients.
The results are stored and can be displayed down to the
level of a single fuel rod (236 being contained in each
fuel assembly) and the 32 axial parcels. Thus, the local
origin of neutrons and neutrinos escaping the reactor
core and arriving at the CONUS experimental site can
be calculated in detail.
3 Description of the environment
3.1 Experimental site at KBR
3.1.1 Overburden
During the commissioning phase of the CONUS exper-
iment, the shield with a varying combination of detec-
tors has been set up at the underground laboratory at
MPIK. In this way, it was possible to characterize the
experimental site in Brokdorf relative to the well-known
conditions at the MPIK laboratory. At KBR, an over-
burden to shield against cosmic rays is provided by the
concrete and steel structures of the reactor building.
The whole building is enclosed in a concrete dome of
1.8m thickness and the safety containment consists of
a steel sphere of 3 cm wall thickness. The room A408,
where the CONUS experiment is set up, is located in
the lower hemisphere of the dome with more concrete
7Fig. 5 Measured power density distribution using the in-
core instrumentation during December 2016. For each of the
193 fuel assemblies the relative contribution to the total ther-
mal power is denoted. Green corresponds to a small contri-
bution, red to an high contribution, yellow covers the regime
in-between
around from the walls of the surrounding rooms and
above. The concrete density is 2.55 g cm−3, with differ-
ent steel contents ranging between 0.8% for room di-
vider walls and 3.2% for the biological shield surround-
ing the reactor core. The hydrogen content, highly rel-
evant for the moderation of neutrons, was determined
via element analysis. The sample was taken from small
concrete pieces, which were removed from the floor of
room A408 during the installation of the CONUS ex-
periment. The analysis reveals a hydrogen content of
(0.8±0.1)% [23]. Moreover, as it can be seen in the blue
contours in Figure 6, the room A408 is located par-
tially below the water pond of spent fuel assemblies
and fully below the smaller pond used for loading the
spent fuel storing casks prior to shipment, with contri-
butions to the overburden. They are permanently filled
with borated water to a level of 13.4±0.1m (mean value
over 7.5months), even if the filling with spent fuel as-
semblies is varying. This leads to a variability in the
mean density between 1.0 and 1.55 g cm−3 (maximal
allowed filling of the pond). These changes in overbur-
den are considered negligible for the CONUS experi-
ment. All contributions add up to an overburden of 10-
45m w.e. depending on the solid angle, meaning that
the rather variable hadronic component of the cosmic
rays at Earth‘s surface is fully suppressed. The effective
overburden for the suppression of the cosmic-ray muon
component can be determined by comparing the mea-
sured spectra inside the passive shield of the CONUS
experiment without the muon veto system measured at
the MPIK laboratory and at the nuclear power plant
as displayed in Figure 7. The scaling factor over the
whole energy range between both locations amounts
to 1.62±0.02. The MPIK laboratory has a well-known
overburden of 15m w.e [14] leading to an effective over-
burden of 24m w.e. at KBR. The spectral shape agrees
over the whole energy range, meaning that the same
physics processes for the muon and muon-induced neu-
tron interactions are relevant at both places.
Fig. 6 Room A408 at the nuclear power plant Brokdorf,
where the CONUS experiment is located. Blue outlines mark
the water ponds as overburden. (1) center of CONUS shield
and location of BSS during DS-3, (2) location of monitor
sphere during DS-3, (3) location of CONRAD detector
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Fig. 7 Comparison of measurements inside the CONUS
shield without the active muon veto at the MPIK laboratory
and at reactor site. The latter one was scaled with a factor of
1.62−1
8Table 2 Activity of concrete samples from room A408 and
the MPIK laboratory, determined by HPGe spectrometer
screening measurements at the underground laboratory in
Heidelberg. The standard values are mean values from the ac-
tivities of concrete from several countries [25] (n.d.=no data).
isotope KBR A408 MPIK lab standard
[Bq/kg] [Bq/kg] [Bq/kg]
238U <37 12±5 n.d.
226Ra 13.2±0.2 12.8±0.4 44±21
232Th 15.3±0.3 16.6±0.8 30±14
228Ra 14.9±0.3 17.2±0.8 n.d.
137Cs 1.37±0.07 <0.03 n.d.
60Co 0.2–1.5 <0.03 n.d.
40K 433±12 112±7 240±108
3.1.2 Natural radioactivity
Measurements with HPGe spectrometers without any
shield are dominated by the environmental radioactiv-
ity and anthropogenic isotopes from the surroundings.
Two comparable measurements at the MPIK under-
ground laboratory as well as in room A408 at the nu-
clear power plant were carried out with a CONUS de-
tector. Comparing the integral count rate in the range
of [20,440] keV, it was found that the background level
at KBR is higher by a factor of 4.2±0.1 with respect to
the MPIK laboratory. The difference between the loca-
tions is partially explained by the special attention that
had been paid on employing concrete especially low in
radioactivity at the MPIK laboratory [24]. To test the
concrete at reactor site, the activity of the small pieces
of concrete was measured at the screening station in
MPIK laboratory [4]. In Table 2, the results are com-
pared to the measured activities from the concrete of
the MPIK laboratory. For U and thorium (Th), compa-
rable results were found, while the kalium (K) content
is lower in the MPIK sample. There is also a finite con-
tamination of man-made 137Cs inside the concrete from
Brokdorf. Moreover, contrary to the MPIK laboratory,
highly varying 60Co concentrations were observed in the
samples and thus a range is given in Table 2. This could
be a surface contamination, as 60Co has also been ob-
served in the dust in radio protection-related measure-
ments similar to other nuclear reactors elsewhere [26].
Furthermore, there is an additional background con-
tribution at reactor site originating from reactor neu-
tron interactions inside the water of the cooling cycle
and neutron capture in concrete. These γ-rays have
been measured with the CONRAD detector and will
be discussed in detail in Section 6.
3.1.3 Distance to reactor core
The distance of the CONUS experiment’s shield cen-
ter in room A408 of KBR to the middle of the reactor
core amounts to (17.1±0.1)m, ensuring a high reac-
tor antineutrino (νe) flux at the experimental site. The
experiment is nearly at the same height as the reac-
tor core with an offset along the z-axis of 0.25m. The
HPGe diodes have a distance of ∼50 cm from the floor
of A408. The reactor core consists of 193 fuel assemblies
contained in a cylinder of 3.45m diameter (see Figure 5)
with an active length along the z-axis of 3.9m. Details
about the materials and geometry between the reactor
core and room A408 are given in Section 4.
4 Description of the MC simulation framework
The MC simulation framework MaGe [27], based on
Geant4 (version Geant4.9.6p04) [28,29] is applied to
support the understanding and to complement the neu-
tron measurements via an ab initio calculation. In a
first step, the neutron propagation from the reactor core
to room A408 is simulated as well as the propagation
of neutrons from the spent fuel assemblies inside the
storage pool above room A408. In the second step, the
neutrons arriving in A408 are propagated through the
CONUS shield towards the HPGe diodes employing the
measured neutron spectrum inside A408 as input. The
relevant neutron interactions, models in Geant4 and the
applied cross section data sets are listed in Table 3.
4.1 Implementation of geometry
4.1.1 Nuclear power plant and room A408
From construction plans, the overall structure and main
concrete parts of the reactor building were implemented
using the information on the concrete from Section 3.1.1.
The reactor as starting point of the neutrons was mod-
eled in detail, including all the 193 fuel assemblies. In
the MC, these are approximated by four fuel rods in-
stead of the 236 as in reality, each made up of Zirco-
nium alloy cladding tubes filled with UO2 pellets. The
size of these fictive fuel rods was chosen so that the
overall mass of a fuel assembly is reproduced correctly.
The reactor core is filled with borated water with a
B concentration of 500 ppm of enriched 10B (1% boric
acid, 99% water) as expected in the middle of a reactor
cycle. A mean water temperature of 320◦C and a pres-
sure of 15.7MPa have been assumed, leading to a water
density of 0.687 g cm−3 [30]. The reactor core is con-
tained inside the reactor pressure vessel (RPV) made
9Table 3 Geant4 MC models for neutron propagation and absorption.
interaction model energy range cross section
elastic hElasticCHIPS 19.5MeV<E<10TeV GheishaElastic, ChipsNeutronElasticXS
NeutronHPElastic <20MeV GheishaElastic, ChipsNeutronElasticXS, NeutronHPElasticXS
inelastic BertiniCascade 19.9MeV<E<9.9GeV GheishaInelastic, Barashenkov-Glauber
NeutronHPInelastic <20MeV GheishaInelastic, Barashenkov-Glauber, NeutronHPInelasticXS
capture G4LCapture 19.9MeV<E<2TeV GheishaCaptureXS
NeutronHPCapture <20MeV GheishaCaptureXS, NeutronHPCaptureXS
fission G4LFission 19.9MeV<E<2TeV GheishaFissionXS
NeutronHPFission <20MeV GheishaFissionXS, NeutronHPFissionXS
from ferritic steel with a thickness of at least 25 cm.
Eight openings can be found at the top of the reactor
core for the loop pipes leading the water from the core
to the steam generators, where they heat up the wa-
ter in the secondary cycle, and afterwards return it to
the core. For simplicity, only the two loop pipes on the
side of room A408 have been implemented into the MC
geometry. The reactor core is enclosed by the biologi-
cal shield and heat insulation amounting to more than
2m of concrete thickness in total. This is followed by
an empty room around the biological shield. In the ge-
ometry, not all details of this space were implemented,
but special attention was paid to ensure this area to be
closed to all sides to allow for backscattering of neu-
trons. Adjacent to this space behind a concrete wall of
1.3-1.45m thickness, the room A408 can be found. The
interior was modeled as in Figure 6. Also steel doors
are included as well as the concrete walls of the neigh-
boring room. Room A408 has a height of 2.8m and the
concrete ceiling, which is also the floor of the spent fuel
storage pool, has a thickness of 1.85m. The spent fuel
storage pool and the cask loading pond are lined with
several centimeters of steel and filled with 13.3m of bo-
rated water. Between the active part of the spent fuel
assemblies and the floor of the pool, there is a distance
of about 80 cm. The amount of spent fuel assemblies
within the storage pool is variable in the MC. The 10B
content is constantly 2300 ppm (5% boric acid, 95% wa-
ter). The most important features of the implemented
geometry including the location of the middle of the
CONUS shield can be found in Figure 8.
4.1.2 Geometry of CONUS shield and HPGe detectors
The CONUS shield was implemented in detail in the
MC (see Figure 9) inside the geometry of room A408
(see Figure 8). To suppress exterior γ-radiation, 25 cm
of Pb in all directions are employed. Moreover, there are
two layers of in total 10 cm of borated PE (3% equiv-
alent of natural B) to moderate and capture neutrons
from outside as well as neutrons created by muons in the
Pb layers of the shield. The plates were produced from
Fig. 8 Top view of implemented MC geometry including
room A408, the overburden and the reactor core with sur-
rounding. Concrete structures are displayed in red, the blue
areas correspond to the spent fuel storage pool and the cask
for shipment of spent fuel assemblies. For simplification only
two of the four loop pipes are implemented (only selected
volumes are displayed for a better overview)
PE and boric acid H3BO2, enriched in 10B, which has
an especially high neutron capture cross section com-
pared to other isotopes. Neutrons are also moderated by
two polyethylene plates (5 cm each), one on top of the
shield and one in the layers below the detector chamber.
For the active muon veto system, organic plastic scin-
tillator plates (thickness: 5.2 cm) equipped with photo-
multiplier tubes
(PMTs) are included in the shield. These plates also
contributes to the moderation of neutrons. Inside this
shield, the four CONUS detectors are placed within
the detector chamber with a volume of 25 l. The Cu
cryostats and their interior, including the point-contact
HPGe diodes and supporting structures are modeled in
the MC geometry as in the technical drawings.
Similarly, the coaxial HPGe CONRAD detector with-
out any shielding is modelled by setting up the detec-
tor’s Cu cryostat with cooling finger and its full interior
inside the MC geometry in front of the wall adjoined to
the space around the reactor core as it was positioned
for the measurement (see Figure 6).
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Fig. 9 Side view of the implementation of the CONUS shield
geometry and exemplary one detector within. The HPGe
diode is marked in gray inside the Cu cryostat. The shield is
surrounded by a stainless steel cage assuring safety require-
ments (dark gray)
4.1.3 Input spectra and output for reactor neutron MC
At a nuclear power plant, neutrons are created predom-
inately inside the reactor core via fission and immediate
evaporation from fission products. Over the whole cy-
cle, more than 50% of the fissile material is made up
of 235U, while 238U, 239Pu and 241Pu contribute as well
[31]. The 235U neutron fission spectrum according to
a Watt distribution function is displayed as black line
in Figure 19, with a mean neutron energy of 1.95MeV
[32]. As the neutron spectra of the main other isotopes
undergoing fission such as 239Pu are very similar, in MC
simulation the 235U fission spectrum is employed as ini-
tial spectrum for the neutrons. Most of these neutrons
are moderated within the reactor core and induce fission
again, fueling the chain reaction employed to create the
power output of the reactor. However, about 10−4 of the
neutrons will leave the reactor core before they either
hit fissile material, are absorbed in the fuel assemblies’
structures or are moderated enough to induce another
fission (see Table 9). This is most likely to happen at
the border of the reactor core, thus justifying to start
neutrons only within the volumes of the UO2 pellets of
the first and second outer-most ring of fuel assemblies in
the MC simulation (in total 104 of 193 fuel assemblies).
For the purpose of the propagation outwards from the
reactor core, the ongoing fission reactions are not re-
quired and consume computation time, thus all fission
products are killed immediately by the MC. Due to the
huge decrease of the neutron flux along the way towards
room A408, the MC simulation has been split into four
steps where the spectrum of neutrons passing a certain
geometric boundary was registered and used as a new
input spectrum for the next part of the MC simulation
(see Figure 8 for the single steps denoted with I-IV).
In the end, the spectrum of the neutrons leaving the
walls adjoined to the space around the reactor core is
recorded. Moreover, the neutrons hitting a 6” diame-
ter air sphere at about the location of the middle of the
shield of the CONUS experiment are tracked to be com-
pared to and to be used in the analysis of the BSS data.
The device itself is not simulated, since the conversion
to the measured PHS is carried out by the response
functions as described in Section 2.1. Alternatively, to
represent several spheres set up at the same time, the
neutrons passing through a fictional horizontal air plate
(size: 2m×3.5m) are accounted for. Furthermore, for
the CONRAD detector measurements, the last step is
repeated with this detector present inside room A408.
All hits inside the HPGe detector are registered. The
decreased charge collection efficiency outside the active
volume is added in the post-processing.
Besides the reactor core, neutrons are also emitted
by the spent fuel assemblies in the storage pool above
the CONUS experiment. The majority of the neutrons
are emitted by actinides, especially by 244Cm, while
other isotopes only contribute to a few percent [33].
Thus the Watt distribution function for 244Cm is used
as initial spectrum. Assuming the storage pool is filled
with the maximum number of fuel assemblies, neutrons
were started from the volume of those 192 fuel assem-
blies located above room A408 and registered in the
horizontal air plate described above.
4.2 Initial spectrum and output for the particle
propagation through the CONUS shield
Assuming a homogeneous neutron flux inside A408, neu-
trons are started isotropically from a hemisphere (di-
ameter=1.4m) spanning around the CONUS shield to-
wards the floor. To take into account backscattering
effects, the walls, ceiling and floor of room A408 are
included in the simulated geometry (see Figure 8). The
measured neutron spectrum in the exact location of the
CONUS experiment is used as input for the neutron
energy (see Figure 18). The neutrons are propagated
through the CONUS shield. All neutrons arriving at
the HPGe diodes are registered. Moreover, all energy
depositions inside the HPGe volume are saved as well as
the identity of the particles responsible for the energy
deposition. No dead layer is assumed and the charge
collection efficiency in the different sub-volumes of the
HPGe diode is added in the post-processing. For the
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CONUS experiment the region of interest lies in the
very low energy range of the spectrum (below 1 keVee)
and thus in this simulation the secondary production
cuts are lowered to 1.2 keVee for γ-rays and 850 eVee
for electrons and positrons, increasing the computation
time. This means that below these thresholds, the par-
ticles will not produce further secondary particles, but
the whole remaining energy will be deposited directly
in one location. For hadronic processes there is no such
threshold.
Additionally to the neutron propagation simulation,
also the measured γ-ray background inside A408 (see
section 6) has been used as MC input. Mono-energetic
γ-rays were started from the wall closest to the reac-
tor core and the resulting spectrum inside the CONUS
diodes was evaluated. All in all, more than 104 d in
CPU time have been spent on the propagation of the
neutrons through the reactor building geometry and the
CONUS shield.
4.2.1 Validation of MC
For a reliable MC result, it is important to validate the
physics processes involved. In MaGe, for electromag-
netic interactions this has been done among others for
source measurements in [5] and [18] as well as [34], [35]
and [36], for muon-induced interactions in [14].
For neutrons, however, there are in general much
less validation campaigns available. The propagation of
neutrons through shield materials have been examined
at the MPIK by carrying out 252Cf source measure-
ments within and in front of the CONUS shield and a
similar shield of another HPGe spectrometer, GIOVE
[5]. The correct propagation of the neutrons through
the shield was confirmed.
An overall good agreement for the isotopes relevant
here for the probability of the number of emitted γ-
rays in neutron capture has been found (see table 4).
Especially the relative branching ratio between the dif-
ferent γ-lines is in excellent agreement with the liter-
ature values. However, additional γ-lines occur in the
de-excitation spectrum in the MC, that are not sup-
posed to be created. This has to be corrected for by
removing all MC events containing such γ-lines.
Moreover, if the isotopes produced in neutron cap-
ture are metastable, they are not created in the MC
using Geant4.9.6. It is especially of interest to be able
to simulate these γ-lines for the metastable Ge states
as described in Section 2.2. To do this, the cross sec-
tion has to be implemented manually into the code. A
separate simulation has to be run to study the γ-line
count rate to avoid to add the energy depositions from
this metastable decays to the prompt contribution.
5 Bonner sphere measurements at KBR
5.1 Measurement campaigns with Bonner spheres
Three data sets were collected during the measurement
campaigns at KBR, summarized in Table 5. The data
set DS-3 (reactor ON) was acquired with the arrange-
ment shown in Figure 10, where the Bonner spheres
were placed one after another in the central position of
the CONUS site (position 1 in Figure 6). A bare de-
tector, placed 1.8m away (position 2 in Figure 6) from
the measurement position, was used as a monitor of
the thermal neutron fluence rate during the entire cam-
paign. The thermal neutron counters within the Bonner
spheres were at a height of 51 cm above ground, identi-
cal to the vertical centre of the future CONUS setup.
Due to the low neutron count rates, the measure-
ment times amounted to 3–4 d per Bonner sphere, with
the exception of the 12 ” sphere. The measurement time
with this sphere was set to 9 d, because an extremely
low count rate was expected.
Fig. 10 Experimental arrangement used for the DS-3 mea-
surement (reactor ON). The bare detector in the foreground
was used as a monitor of the thermal neutron fluence rate.
The Bonner sphere in the back was placed in the central
CONUS position. Other Bonner spheres were placed on this
position one after another
The data sets DS-2 (reactor OFF) and DS-1 (reactor
ON) were acquired with the Bonner spheres distributed
around the central position of the future CONUS setup,
as shown in Figure 11. The distance between the indi-
vidual spheres was chosen to be 1m or more, in order to
reduce the effect of neutron scattering from one sphere
to another. With the reactor OFF, the neutron count
rates were of the order of ∼ 1 count per hour. Therefore,
given the time slot available during the KBR reactor
outage, it was necessary to measure with all the spheres
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Table 4 The branching ratio (br) in Geant4 of the main γ-lines from neutron capture on the isotopes relevant at KBR are
compared with literature values. For the lines marked with (*) the MC generates two neighbouring γ-lines close in energy. Out
of those one was recognized to be not physical and was neglected. The absolute branching ratio refers to the ratio of emitted
γ-rays per neutron capture (given for strongest line), while the relative branching ratio is given in respect to the strongest
emitted line.
neutron capture energy [keV] [37] br MC br lit
54Fe(n,γ)55Fe 9297.80±1.00 abs. 49.9(*) abs. 56.8±4.9 [38]
56Fe(n,γ)57Fe 7645.58±0.10 abs. 23.6 abs. 29.00±4.94 [37]
7631.18±0.10 rel. 86.22(*) rel. 86.21±19.94 [37]
7278.82±0.90 rel. 20.70 rel. 20.69±4.58 [37]
63Cu(n,γ)64Cu 7916.26±0.08 abs. 28.74(*) abs. 33.10±0.60 [37]
7638.00±0.09 rel. 48.94 rel. 48.99±1.50 [37]
7307.31±0.06 rel. 27.07 rel. 27.18±0.61 [37]
7253.05±0.06 rel. 12.54 rel. 12.48±0.27 [37]
Table 5 Overview of data sets collected during the mea-
surement campaigns with the NEMUS spectrometer in room
A408 at KBR.
data reactor time Bonner spheres
set state period arrangement
DS-1 ON 08.12.16–04.01.17 all spheres used
simultaneously
DS-2 OFF 09.02.–26.02.17 all spheres used
simultaneously
DS-3 ON 31.08.–04.10.17 spheres swapped
at central position
simultaneously. DS-1 was the first test run inside the
room A408 before the actual measurement campaign
and will only be used as a reference to illustrate the
spatial inhomogeneity of the neutron field inside A408
and the correlation to the thermal power.
Fig. 11 Experimental arrangement used for the DS-1 (reac-
tor ON) and DS-2 measurement (reactor OFF). The Bonner
spheres were distributed around the central position of the
future CONUS setup. The bare detector is located at the
central position
As the reactor power varies with time due to load
follow operation, it was necessary to normalize the neu-
tron counts from the individual BSS measurements of
DS-3 to a quantity related to the reactor power. For
this, the thermal power PKBR in units of [GW], with
the time resolution of 1 h is used. The evaluation of the
thermal power with its uncertainty is described in Sec-
tion 2.3.1. Based on the start and stop times of the BSS
measurements, we were able to calculate the thermal
energy output EKBR in units of [GWh] corresponding
to a given neutron measurement.
5.2 Measurement results with BSS
5.2.1 Neutron energy distribution inside A408 during
reactor ON time
Figure 12 shows the data from the reactor ON mea-
surement (DS-3). The neutron counts in the individual
Bonner spheres were normalised as follows:
N
(1)
p,i =
C
(1)
i
EKBR, i
, EKBR, i =
∑
j
PKBR, j · tj , (4)
where i denotes a given Bonner sphere from the subset
used at KBR, C(1)i is the number of neutron-induced
counts determined via fits of the PHS and N (1)p,i is the
number of counts normalized to the thermal energy out-
put EKBR, i of the KBR reactor during the measure-
ment with the Bonner sphere i.
Averaging the neutron counts C(1)i per measurement
times ti, the neutron count rate in the bare counter
amounted to ∼66 counts per hour. In the 12 ” sphere,
the average neutron count rate was as low as ∼2 counts
per hour. Correspondingly, the relative uncertainty of
the normalized neutron counts N (1)i ranged from 2.6%
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Fig. 12 Neutron counts in the individual Bonner spheres, as
a function of the sphere diameter i. The data point at i = 0
corresponds to the bare detector. The data point at i = 18
corresponds to the 8 ” modified sphere. (a) Data from DS-
3 (reactor ON), normalized to 1GWh of the reactor energy
output EKBR according to Eq. 4. (b) Data from DS-2 (reac-
tor OFF), normalized as counts per 24 h. The error bars are
in some cases smaller than the size of the symbols
for the bare counters (3-4 d measurement time) up to
5.8% for the 12 ” sphere (∼9 d measurement time). The
values include the systematic uncertainty of the corre-
sponding thermal energy output EKBR, i of 2.3%.
The additional bare SP9 detector used as a neutron
monitor for DS-3 allowed us to check the consistency of
the data. The monitor readings were also analyzed us-
ing the fitting procedure of low-level neutron data men-
tioned in Section 2.1. The number of neutron-induced
counts in the monitor per GWh of thermal energy out-
put was determined (weighted mean) as fmon/EKBR =
(16.00 ± 0.15)GWh−1, averaged over the whole DS-3
data set. During all DS-3 measurements, this ratio was
constant within ±3%. The same holds for the readings
of the Bonner spheres: the two normalizations, either
using the thermal energy output according to Eq. 4,
or the monitor readings as a scaling factor, agreed to
within ±3%.
To analyze the data, we used Bayesian parameter
estimation [39]. The shape of the result of the prop-
agation of neutrons from the reactor core (see plot of
ΦMC(En) in Figure 18) indicates that the neutron en-
ergy spectrum extends up to a few hundred keV. This is
consistent with previous Bonner sphere measurements
at reactors behind shielding [40,41]. For the reactor ON
measurement, there is an additional component in the
form of a peak at around 1MeV, caused by neutrons
induced by muons in the reactor building. This compo-
nent is also present during reactor OFF time. There-
fore, we introduced a parameterized model (similar to
the one in [42]), which consists of a thermal peak, an
intermediate region, which is flat in the lethargy repre-
sentation (dΦ/d log(En)) up to a few hundred keV fol-
lowed by a smooth drop, and a peak above. The fluence
and mean energy of this peak corresponds to the peak
at around 1MeV in the neutron energy spectrum mea-
sured under reactor OFF conditions (see Figure 14).
We considered two models, one allowing for a slope in
the intermediate region and one setting this slope to
zero (corresponding to a 1/En behavior). The complete
model contained three free parameters: the magnitude
of the thermal peak and the magnitude and slope of
the intermediate region. The analysis was done using
the software package WinBUGS [43].
It was checked, whether the BSS data indicate the
presence of high-energy cosmic-ray induced neutrons
(En ∼ 100MeV). This was done by considering, in
addition to the model described above, a second, pre-
liminary model, which included a high-energy peak at
this energy. The analysis showed that the BSS data fa-
vors the models not including such neutrons. This is
expected due to the massive concrete shielding of the
reactor building, surrounding the CONUS experimen-
tal site. From the BSS data alone it could not be deter-
mined whether there is a slope of the intermediate re-
gion significantly different from zero. The detailed MC
calculations clearly indicate a non-zero slope (cf. Sec-
tion 5.3). Therefore we decided to use here the results
of the non-zero slope model only. The resulting neutron
energy distribution Φ(1)(En) is plotted in Figure 13 in
terms of the lethargy representation. The integral quan-
tity of the neutron fluence normalized to the KBR ther-
mal energy output Φ(1), derived from the analysis, is
stated in Table 6 for the individual En regions of the
neutron energy distribution. The overall shape of the
solution Φ(1)(En) agrees reasonably well with the MC
predictions, as discussed in Section 5.3.
The solution indicates a highly thermalized neutron
field, as about 80% of the total fluence Φ(1) is due to
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Fig. 13 Solution of the neutron energy distribution
Φ(1)(En) resulting from the analysis of the DS-3 data nor-
malized to the energy emitted by the reactor
Table 6 Neutron fluence Φ(1) derived from the analysis
of the DS-3 measurement, and normalized to the KBR
thermal energy output of 1GWh. The uncertainties are
stated as standard uncertainties (1 standard deviation).
The En regions are defined as follows: thermal [1.0 ×
10−9, 4.0 × 10−7]MeV; intermediate [4.0 × 10−7, 0.1]MeV;
fast [0.1, 19.6]MeV.
En region Φ(1)
[cm−2 (GWh)−1]
thermal 6.42± 0.41
intermediate 1.56± 0.21
fast 0.15± 0.05
total 8.13± 0.32
thermal neutrons of energies En ≤ 0.4 eV. Therefore,
the count rate observed in a given Bonner sphere has
a non-negligible contribution from thermal neutrons,
even for large Bonner spheres (for example, 30–50% of
the measured counts in the 8–12 ” spheres are due to
thermal neutrons2). This is one reason why the fast
component has a relatively large uncertainty of the or-
der of 30%.
The bare counter used for monitoring was running
permanently during the data collection of DS-3. For a
few days, at the central position of the CONUS exper-
iment also a bare counter was placed. Comparing the
neutron count rates measured by both counters and cor-
recting them for slightly different sensitivities, a relative
difference of (18.8±2.3)% was found. This demonstrates
inhomogeneities in the thermal field inside room A408
and underlines the importance to characterize the neu-
2These portions were determined via folding the solution
of Φ(1)(En) with the response functions of the individual
spheres, and then comparing the expected counts in the re-
gion of thermal neutron energies to the total expected counts.
tron spectrum at the exact location, where an experi-
ment is planned.
5.2.2 Neutron energy distribution inside A408 during
reactor OFF time
The data from the reactor OFF measurement (DS-2)
are depicted in Figure 12. In this case the normalization
was done simply as
N
(2)
i =
C
(2)
i
ti
, (5)
where C(2)i is the number of neutron-induced counts de-
termined via fits of the PHS and ti ≡ t is the measure-
ment time which was common for all Bonner spheres
and amounted to 18 d. The measurement uncertainties
of the neutron count rates N (2)i were in the range of 5–
10%. The maximal count rates were not observed in the
bare detector, but instead in the 4.5 and 6 ” spheres, in-
dicating that the neutron field was no longer dominated
by thermal neutrons during reactor OFF time.
For the analysis, we used a parameterized model
consisting of a thermal peak, a peak at En ∼1MeV, and
an intermediate region, which is flat in the lethargy rep-
resentation. Thus, the complete model contained five
free parameters: the magnitude of the thermal peak,
the magnitude and the slope of the intermediate region,
and the magnitude and mean energy of the En ∼1MeV
peak. The solution Φ(2)(En) is plotted in Figure 14.
The integral quantity of the neutron fluence rate Φ(2)
derived from the analysis is listed in Table 7. The largest
contribution (∼40%) to the total neutron fluence is now
in the fast neutron region En = [0.1, 19.6]MeV.
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Table 7 Neutron fluence rate Φ(2) derived from the analy-
sis of the DS-2 measurement (reactor OFF), normalized per
24 h. The uncertainties are stated as standard uncertainties
(1 standard deviation). The definition of the En regions is
identical to Table 6.
En region Φ(2)
[cm−2 d−1]
thermal 4.47± 0.67
intermediate 4.19± 1.15
fast 6.35± 0.96
total 15.03± 0.99
5.2.3 Correlation to thermal reactor power
The mean value of the neutron count rate per day is
compared to the mean thermal power per day as well as
the neutron flux measured with the ex-core instrumen-
tation in Figure 15 and Figure 16 for both measurement
campaigns. Both curves are normalized to their mean
value during the campaign. Overall, for both cases a
correlation between the neutron fluence rate in A408
and the data from the reactor was observed. DS-3 took
place immediately after the refueling of the reactor in
2017 and the reactor power was nearly constant except
for the increase in the middle of the month. The ther-
mal power data as estimated from the energy balance in
the secondary circuit and the ex-core instrumentation
are in very good agreement. Both match the course of
the thermal neutron fluence in room A408 as well. Dur-
ing DS-1 at the end of the previous reactor cycle were
more variations in the thermal power. This is due to
less demand for electricity during holiday seasons and
competing renewable energy production.
Small discrepancies are observed between the total
thermal power determination as compared to the ex-
core instrumentation measuring neutrons at the top and
bottom of the core. They occur because the maximum
of the thermal power has moved up or down along the
z-axis of the reactor. The effect is displayed in Figure 17
where exemplary for a few days the relative contribu-
tion of the 32 parcels to the overall reactor power is dis-
played using the data from the reactor core simulation
described in Section 2.3.3. The dashed lines correspond
to the days in Figure 15 when the bottom instrumen-
tation gives values above the total thermal power from
heat. For those days the maximum of the power den-
sity is at the bottom of the reactor core. The shift of
the maximum is initiated, because at the beginning of
a reactor cycle the thermal power is distributed nearly
symmetrically with a maximum slightly below the mid-
dle of the core where the leakage of neutrons is small.
At the end of the cycle the fuel in the middle of the
reactor-core is mostly burned up leading to the max-
imum moving outwards. Additionally, when reducing
the thermal power due to external constraints, the con-
trol rods are inserted into the core from the top causing
a shift of the maximum to the bottom. Strong maxima
on top of the core can also be produced at the end of a
cycle because - if there is a negative temperature gra-
dient within the core - more reactivity is freed in the
upper half.
From the comparison to the thermal neutron fluence
in A408, it was found that the best agreement could be
achieved for the counters on top of the reactor core inde-
pendent of the location of the maximum of the thermal
power along the z axis. The neutrons seem to be more
likely to escape the reactor core at the top, where the
openings for the loop pipes are located.
All in all, the thermal fluence in A408 was observed
to be fully correlated to the reactor power and reac-
tor core instrumentation meaning the reactor is by far
the dominant source of thermal neutrons inside the
room. Consequently, the reactor monitoring data can
be used to predict the thermal neutron fluence inside
room A408 at any given time.
5.2.4 Comparison of neutron fluences ON-OFF
The comparison of the neutron fluences during reactor
ON and OFF time is important to disentangle the ther-
mal power correlated neutron contribution from other
steady-state neutron sources.
Due to the different normalisations, it is necessary
to make some simplifying assumptions. In a rough ap-
proximation we consider the KBR reactor as a source
of neutrons, and the neutron fluence Φ(1) as being nor-
malised to a unit of “activity” of this source. In Section
5.2.3 a linear correlation between the reactor power and
the thermal neutron fluence within A408 was observed,
justifying this approach.
For the estimate we used the time-resolved thermal
power data PKBR already applied in the DS-3 measure-
ment. The mean duty cycle of the KBR reactor dur-
ing the overall DS-3 measurement (total measurement
time of 34 d) amounted to 88.9%, i.e. the mean thermal
power of the reactor was
PDS-3 meanKBR = (0.89± 0.02) · PmaxKBR = (3.47± 0.08)GW .
(6)
Multiplying the values of Φ(1) by the following factor
of a mean thermal energy output
EDS-3 meanKBR = 3.47GW · 24 h = 83.3GWh , (7)
we obtain the mean neutron fluence Φ(1)mean which would
hypothetically be present in A408 if the reactor would
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Fig. 15 DS-1 at the end of a reactor cycle; counts in bare BSS compared to the thermal power and the core instrumentation.
The arrows indicate the days, where the thermal power distribution along the z axis is shown in Figure 17
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Fig. 16 DS-3 at the beginning of a reactor cycle; counts in bare BSS compared to the thermal power and the core instrumen-
tation
be running at the constant level of PDS-3 meanKBR over the
period of one day. Both quantities Φ(1)mean and Φ(2) have
units of [cm−2 d−1] and we define the “ON − OFF”
difference,
Φ(res)mean(En) = Φ
(1)
mean(En)− Φ(2)(En) , (8)
as the residual neutron fluence Φ(res)mean, caused solely by
the fission neutrons from the reactor core.
The comparison of Φ(1)mean and Φ(2) is summarized
in Table 8. The uncertainties of Φ(res)mean in the individ-
ual energy regions were obtained by propagating the
statistical uncertainties of Φ(1)mean and Φ(2). In the ther-
mal and intermediate regions, the absolute values of
Φ(2) amount to a tiny fraction of Φ(1)mean values, there-
fore Φ(res)mean retains the characteristics of a highly ther-
malized neutron field. For the fast neutron component,
the residual neutron fluence rate is (6.0±4.2) cm−2d−1,
which is compatible with zero within the uncertainties.
To estimate the residual neutron fluence for any
given reactor power, the results in Table 8 have to be di-
vided by the mean thermal power from Eq. 6 and scaled
with the respective thermal power. This was done for
the maximum thermal power in Table 12.
The neutron energy distribution Φ(res)mean(En) is shown
in the lethargy representation in Figure 18. It is plotted
together with the neutron energy distribution from the
17
Table 8 Comparison of neutron fluence rates Φ(1)mean (reactor ON at constant mean level for time duration of 24 h) and Φ(2)
(reactor OFF), and their difference Φ(res)mean. All quantities are stated in units of [cm−2 d−1]. The uncertainties are stated as
standard uncertainties (1 standard deviation). The definition of the En regions is identical to the one used in Table 6.
En region Φ
(1)
mean Φ(2) Φ
(res)
mean
thermal 534.8± 34.4 4.47± 0.67 530.3± 34.4
intermediate 130.0± 17.2 4.19± 1.15 125.8± 17.3
fast 12.3± 4.1 6.35± 0.96 6.0± 4.2
total 677.2± 27.0 15.03± 0.99 662.2± 27.1
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Fig. 17 Relative distribution of thermal power along the z-
axis during DS-1 from core simulation data for selected days
over the one month period. The dashed lines (1) and (3) cor-
respond to the days, where the bottom core instrumentation
in Figure 15 gives the highest contribution different to (2)
and (4)
MC outcome ΦMC(En) which describes the neutrons
arriving on the outside of room A408 from the KBR
reactor core. The MC output is discussed in detail in
the next section. The distribution ΦMC(En) was scaled
in such a way that the fluences in the thermal region
En = [1.0× 10−9, 4.0× 10−7]MeV match.
5.3 Results from MC at KBR
5.3.1 Propagation from reactor core to A408
In the MC simulation, the propagation of neutrons from
the reactor core is split into four steps as indicated in
Figure 8. Before leaving the reactor core, most of the
fission neutrons are moderated and absorbed inside the
reactor fuel, fuel rod claddings and borated water (see
Figure 19, blue spectrum). In the MC, absorption by fis-
sion fragments is not taken into account. Only remnants
of fast neutrons can reach the inside of the RPV wall
(marked as (I) in Figure 8). The shape of the spectrum
is dominated by the neutron absorption cross sections of
light nuclei like oxygen (O) or B, which can be observed
in Figure 19(b) with a linear y-axis. There are no longer
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Φ
(res)
mean(En), calculated via Eq. 8 from the experimental BSS
data analysis, and the calculated fluence ΦMC(En) based on
MC simulations. The distribution ΦMC(En) was scaled to
match the integral fluence of Φ(res)mean in the thermal neutron
region. The vertical dotted lines indicate the limits of the
individual En regions, as defined in Table 6
neutrons above 17MeV and about 10% of the neutrons
are in the thermal energy regime. The thermal distri-
bution is shifted towards higher energy with respect to
the thermal distribution at room temperature as the
mean temperature inside the RPV is at about 320 ◦C.
The overall fluence of neutrons from the outer fuel as-
sembly ring hitting the RPV wall is reduced by a factor
of 1.4·10−4, while for the second outer ring it is 1·10−5,
as these neutrons have to pass the additional layer of
fuel assemblies where they can be absorbed or induce
fission. The order of magnitude difference justifies the
approach to only start neutrons from the outer volumes
of the reactor core. Most neutrons arrive at the RPV
wall on the level of the reactor core. Nearly no neutrons
reach the area about 1m above or below the extension
of the core.
Next, the neutrons go through the steel of the RPV
and several layers of concrete to the outside of the bio-
logical shield (marked as (II) in Figure 8). This leads to
a partly thermalization of the spectrum with about 70%
of the fluence inside the thermal peak. Also, the max-
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imum neutron energy is lowered to ∼2.5MeV and the
overall fluence is suppressed by an additional factor of
6.5·10−6 (see Figure 19, red spectrum). Many neutrons
scatter back and forth between the different concrete
layers of the biological shield, where they are thermal-
ized and absorbed before they can leave the shield.
Starting from the outside of the biological shield,
only the neutrons arriving at the outside walls of A408
are of interest (location marked as (III) in Figure 8). A
reduction of 9·10−3 is expected from simple solid angle
considerations, which is the suppression factor observed
in the MC. The shape of the spectrum is slightly differ-
ent due to the reflection of neutrons on the ceiling (see
Figure 19, orange). About 72% of the total fluence can
be found inside the thermal peak already similar to the
spectrum expected inside room A408.
In the last step, the neutrons are propagated through
the wall of A408 interfacing the area around the biolog-
ical shield. The neutrons leaving the wall on the other
side are registered as well as those arriving inside an
air plate and a sphere inside the room (marked as (IV)
in Figure 8). The last concrete wall leads to a com-
plete thermalization of the spectrum (see Figure 19,
green spectrum). The MC predicts a complete ther-
malized spectrum, while from the BSS measurement a
thermal neutron fluence contribution of at least 80% is
expected, but also the neutron spectrum goes up to a
few hundred keV even though with large uncertainties.
Potentially, this discrepancy originates in the limited
knowledge on the geometry and exact concrete compo-
sition of the wall. Thus, instead of the MC spectrum
inside the room, the spectrum of neutrons hitting the
outer wall was used to support the BSS analysis (see
Section 5.2.4) and compared to the measured spectrum
in Figure 18 achieving a good agreement.
The neutron fluence is reduced by a factor of 10−8
traveling through the outside wall of A408. Due to the
already highly thermalized spectrum outside the room,
a large fraction of neutrons is captured inside the wall,
which is exploited in the measurement with the HPGe
spectrometer CONRAD without shield (cf. Section 6).
Reducing the hydrogen content in the MC inside the
concrete by a factor of two increases the number of
observed neutrons leaving the wall by a factor of 4 with
the spectrum still completely thermalized. This shows
the relevance of knowing this number precisely.
All suppression factors are summarized in Table 9.
In the MC an overall reduction of 3.6·10−20 for neutrons
entering through the wall of A408 with an area of 10m2
is obtained, making it possible to access room A408 at
any time even when the reactor is operational at full
thermal power.
A significant amount of neutrons hitting the wall
several times, scattering back inside the room, are ob-
served. Comparing the total number of neutrons enter-
ing through the adjoined wall to the space around the
biological shield, about 10% more neutrons leave the
inclined middle piece of the wall than the straight wall
pieces.
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Fig. 19 (a) MC neutron spectra of the propagation from the
reactor core to room A408, the fission spectrum is normalized
to 1 (b) same spectra as in (a) with a linear y-axis scaled
arbitrarily to make spectral features visible
5.3.2 Normalization of MC
To normalize the MC simulation, the number of neu-
trons per fission is required. The usable energy released
per fission by the four main fission isotopes (235U, 239Pu,
238U and 241Pu) weighted with the respective fission
fractions (see Table 10) can be used to determine the
number of fissions required to achieve a certain thermal
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Table 9 Supression of neutron fluence rate during propagation from reactor core to A408 in the MC corresponding to the
respective surfaces.
location area [m2] suppression factor to previous maximum neutron energy
reactor core 42.2 (cylinder) 1 >20MeV
inner wall of RPV (I) 62 (cylinder) 1.6·10−4 16.2MeV
outside wall biological shield (II) 355.2 (cylinder) 6.5·10−6 2.5MeV
outside wall A408 (III) 18.4 (3 plates) 9·10−3 1MeV
inside wall A408 (IV) 10.2 (3 plates) 4·10−8 0.17 eV
total 1 3.6·10−20
power output. The fission fractions have been evaluated
as mean value from a wide range of similar reactors
in various states of the reactor cycle. The given un-
certainty corresponds to the standard deviation of the
mean value. Depending on the isotope, about 2.5 neu-
trons are released per fission (see Table 10). This leads
to a total number of free neutrons for the maximum
thermal reactor power of (3.1±0.1) · 1020 s−1(3.9GW)−1
which will be applied as normalization for the MC. For
a reactor at the point of criticality, one neutron per
fission will induce the next step in the fission chain,
while the others are thermalized and absorbed in the
materials of the reactor core with a small fraction leav-
ing the reactor core. The MC follows the propagation
of these neutrons going outwards from the core. The
approximation in the MC that only neutrons from the
outer ring of fuel assemblies and the second outer ring
have a chance to escape the reactor core as described
in Section 4 has to be accounted for in the normaliza-
tion. From the core simulation data with a high spatial
resolution, as described in Section 2.3.3, it was found
that consistently during the collection of DS-1 and DS-
3 (16.3±0.1)% of the thermal power is created by the
outer ring of fuel assemblies and (30.4±0.1)% by the
second outer ring. The higher neutron flux for the sec-
ond outer ring is partially compensated by their higher
absorption probability, such that the contribution is a
factor of 7 below the one of the outer ring.
By scaling the MC in this way, for 40 years of op-
eration with maximum thermal power (3.7±0.1)·1018
cm−2 neutrons are expected to hit the wall of the RPV.
This number is consistent with the maximum level of
1019 cm−2 for this range of time found in the safety
guidelines for German PWRs [44].
For the total thermal fluence rate inside room A408,
(16±1) cm−2d−1(3.9GW)−1 are expected in the MC.
Comparing directly with the result for the thermal flu-
ence rate for the reactor ON minus reactor OFF sub-
traction obtained from the BSS measurements (see Ta-
ble 12), the MC lies below the measurement by a factor
of 38. This has to be contrasted with the suppression of
the initial neutron flux from the reactor core by more
than 20 orders of magnitude and the overall complex-
ity of the simulation. Unknown factors in the geometry
of the extended void space around the biological shield
as well as of the exact composition of the steel enforced
concrete further handicap a more exact reproduction of
the measurement result.
As in the MC only thermal neutrons arrive inside
A408, for the comparison to the measured spectrum in-
stead the spectrum in front of A408 at the outside wall
has been used (see Figure 18). In the MC, only 72%
of the neutrons are found inside the thermal peak as
the last step of the thermalization is still missing. The
agreement of the overall shape of the distributions is
very good, keeping in mind again the complexity of the
MC simulations. This confirms that the remaining neu-
trons at energies above 1MeV seen in the reactor ON
spectrum in Figure 13 are indeed not thermal power
correlated and correctly removed by subtracting the re-
actor OFF spectrum. These neutrons are presumably
created by muons passing through the concrete of the
building. By generating neutrons in the MC inside the
spent fuel assemblies in the cooling pond, it was con-
firmed that this is not the origin of the fast neutrons.
In fact, from the neutrons of the spent fuel assemblies,
no contribution to the fluence inside room A408 is ex-
pected.
6 CONRAD detector at KBR
6.1 Measurement campaign with CONRAD detector
The CONRAD HPGe spectrometer was deployed in-
side room A408 from 16.08.2018 to 12.10.2018 during
reactor ON time. The detector was mounted onto an
Aluminum (Al) plate and was placed next to the wall
closest to the reactor core as can be seen in Figure 20
and Figure 6, position 3. This results into a mean dis-
tance of 13.5m to the reactor core for this detector.
Within ∼51 d of live time, the energy spectrum in
the range from 0.4 to 11.6MeVee were recorded contin-
uously except during a few hours of 228Th calibrations
and pulser measurements carried out about every 10 d.
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Table 10 Reactor physics input for the calculation of the neutrons produced in the reactor core that is used for the normal-
ization of the MC simulation.
fission isotope energy release per fission [MeV] [45] fission fraction [46],[47] number of neutrons per fission [31]
235U 202.36±0.26 56.8±3.2 2.432±0.004
239Pu 211.12±0.34 30.2±0.4 2.875±0.006
238U 205.99±0.52 7.6±2.4 2.937±0.007
241Pu 214.26±0.33 5.4±0.7 2.829±0.011
In this way, the stability of the energy scale and de-
tection efficiency was checked as described in Section
2.2. Small fluctuations within a standard deviation of
about 1 keVee in the large energy range were observed.
Thus, for each time interval between 228Th calibrations
the measurement itself with the clearly present back-
ground lines was used for the energy calibration. The
calibrated spectra were combined afterwards.
The acquired data set was split into daily and hourly
time bins to compare to the thermal power available as
described in Section 2.3.1.
Fig. 20 CONRAD detector at room A408 of KBR. The Cu
cryostat with the HPGe diode has been placed near the closest
wall to the reactor core
6.2 Measurement results with the CONRAD detector
6.2.1 HPGe energy spectrum acquired with reactor ON
In the measurement with the non-shielded HPGe spec-
trometer CONRAD inside A408, the contributions from
natural radioactivity dominate the spectrum below
2.7 MeVee. The spectrum is displayed in Figure 21. Con-
tributions from the Th and U decay chains are visible
as expected from the activity measurements of the con-
crete samples from the floor (cf. Section 3.1.2); 137Cs,
40K and 60Co were found as well. By doing a HPGe
screening measurement of the Al board and the plastic
holder below the detector, it could be confirmed that
except for 40K, all measured contaminations originate
from the interior of A408 and have not been brought
inside with the detector setup.
Above 2.7MeVee, thermal power correlated contri-
butions dominate. The strongest γ-lines in Figure 22
are created from the decay of the short-lived 16N with a
half-life of 7.13 s [49]. The isotope is produced predom-
inantly in (n,p) reactions on 16O in the water of the
primary cooling cycle. For this activation process neu-
tron energies higher than 10MeV are required [48]. The
neutrons within the RPV have the highest contribution
within this range (described in Section 5.3). Thus, most
of the longer living 16N ions will be produced there and
transported to the outside with the flowing cooling wa-
ter. The closest distance of the CONRAD detector to
the loop pipes amounts to 3.8m. Not only the decay
lines, but also single and double escape peaks (SEP
and DEP) from this isotope were observed, where one
or both of the γ-rays from e+e− pair production within
the HPGe diode leave the detector.
While below the main lines of 16N, there is no chance
to see other isotopes, at higher energies several γ-lines
from neutron capture were identified [37].
Predominately, γ-lines from neutron capture on Fe are
seen created in the reinforced concrete wall. Moreover,
lines from neutron capture on Cu can be found, which
are created by the capture of thermal neutrons inside
A408 in the Cu of the detector cryostat.
All identified thermal power correlated γ-lines are
listed in Table 11 together with the literature values
from [37] and [49]. The count rates were determined by
a counting method except for the double peak structure
of 57Fe at 7631 keV and 7646 keV, which were fitted with
two gaussian functions. In the same energy range at
7638 keV, a line from 64Cu is expected, but overlaid by
the Fe lines. To disentangle the two contributions, the
count rate from the Cu γ-line has been calculated from
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the count rate of a clearly visible line from the same
isotope at higher energies, which was corrected for by
the relative branching ratio of the line and the detection
efficiency due to the detector geometry derived from
the MC. The result was subtracted from the count rate
evaluated for the double peak structure.
For the CONUS experiment, 25 cm of Pb are used
to shield against natural radioactivity. The total ab-
sorption cross section of Pb is approximately constant
from 2 to 10MeV [50], meaning all γ-rays inside the
room are expected to be successfully suppressed by the
shield. This is examined in detail in Section 7.4.
6.2.2 Correlation to thermal power for the CONRAD
detector measurements
Due to the high statistics in the 6.1MeV line of 16N the
thermal power reactor data (see Section 2.3.1) was com-
pared to the peak count rate for an hourly binning. The
result in Figure 23 shows a strong correlation, meaning
that with the help of a HPGe spectrometer in the dis-
tance of 13.5m to the reactor core, the current thermal
power can be precisely predicted for the specific case of
A408, comparable to the thermal neutron fluence (cf.
Section 5.2.3). Similar correlations limited by statistics
are observed for the γ-lines from neutron capture.
6.3 Comparison of the CONRAD detector
measurements with MC
The neutron capture inside the walls of A408 and the
Cu cryostat can be reproduced in the MC. In the last
step of the propagation of neutrons from the reactor
core to A408, the detector is placed at the wall clos-
est to the reactor core as in reality. For the direct ap-
proach simulating the neutrons passing the outside wall
of A408, available statistics for the signals inside the
HPGe diode are too low to get a reliable result.
Instead, two different sets of simulations were run.
(1) First of all, thermal neutrons were started from
the inside wall of A408 and normalized to the thermal
power correlated thermal neutron fluence determined
with the BSS (see Table 12). For the Cu lines, an ex-
cellent agreement has been found, while for the Fe lines
this MC configuration predicts a count rate of at least a
factor of 5 lower. This means that most of the neutron
capture reactions responsible for this signal already oc-
cur, while the neutrons travel through the walls before
they enter room A408.
(2) Simulating neutrons passing through the outside
wall of A408, the spectrum of the γ-rays leaving the re-
spective wall to the inside of the room were registered.
In a second step, mono-energetic γ-rays were started
from this wall to determine the geometric detection ef-
ficiency of CONRAD. It lies at the order of 10−5 to
10−4 at the range of 7 to 10MeVee. The outcome of
the simulation was scaled with the normalization from
Section 5.3 and the reduction of the neutron fluence
in step 1 to 3 from the propagation from the reactor
core in Table 9. Next, it has been added up with the
results of (1) to take into account neutrons being cap-
tured within room A408 and not before entering it. All
in all, for the neutron capture on 54Fe and 56Fe the
same order of magnitude for the count rates have been
found as in the measurement (see Table 11). Especially,
the agreement between MC and measured data is bet-
ter than observed for the neutron fluence as stated in
Section 5.3.2. This seems to indicate that especially the
last step of the propagation through the wall predomi-
nately contributes to the lack of neutrons inside A408
expected in the MC.
7 Expected impact of neutron-induced
background signals on CONUS data
7.1 Reactor-induced neutrons at CONUS diodes
Using the measured thermal power correlated neutron
spectrum from Section 5.2.4, neutrons are propagated
through the CONUS shield. The neutrons arriving at
the diodes as well as the induced energy depositions
in the HPGe diode are registered. All results are nor-
malized to the maximum reactor power of 3.9GW. The
main uncertainties originate from the uncertainty on
the initial spectrum. The results in this Section are
given exemplary for C1.
In Figure 24 the neutron fluence rate through the
diode surface is displayed and Table 12 summarizes the
rates in various energy ranges. Registering only neu-
trons entering the diode for the first time reduces the
fluence by 16% showing that the backscattering of neu-
trons around the diode cannot be neglected, especially
in the intermediate and thermal energy region. The en-
ergy spectrum of these backscattered neutrons is plot-
ted in Figure 24 as well.
Less than 10% of the neutrons at the diode have en-
ergies larger than 100 keV, while the maximum neutron
energy lies clearly below 1MeV. Those fast neutrons
are the remnants of the fast neutrons started outside
the shield, which is illustrated in Figure 25. In this Fig-
ure, the projection on the y-axis is the spectrum of the
neutrons arriving at the diode, while the projection on
the x-axis corresponds to the part of input spectrum of
the MC, where the neutrons did indeed reach the diode.
Further, it shows that most of the intermediate or ther-
mal neutrons at the diode are created in the thermal-
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Fig. 21 Spectrum of CONRAD detector inside A408 without any shield below 2700 keV. It is dominated by natural radioac-
tivity in the surrounding. For the strongest lines except the 511 keV line the decaying isotope is given
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Fig. 22 Spectrum of CONRAD detector inside A408 without any shield above 2700 keV dominated by thermal power correlated
contributions. The spectrum is normalized to the mean reactor power. For the strongest lines the decaying isotope is given
isation of these fast neutrons within the shield, while
the contribution of neutrons with thermal or intermedi-
ate energies outside the shield is nearly negligible. The
amount of inelastic neutron scattering processes inside
the shield creating more than one neutron is also in-
significant. There is a small fraction of neutrons at the
diode at intermediate or fast energies that have been
induced by thermal neutrons outside the shield. These
are the entries in Figure 25 above the 45◦ diagonal.
In the capture of thermal neutrons, highly energetic γ-
rays with energies up to 10MeV can be released from
the absorbing nuclei. Those can create fast neutrons
by photonuclear reactions with heavy elements such as
Pb. This has been confirmed by starting 8MeV γ-rays
in the MC simulation at the innermost Pb layer and
observing the neutrons arriving at the diode.
All in all, the CONUS shield proves to be highly
effective to shield against the reactor neutron induced
fluence inside A408 by reducing the overall fluence by
a factor of 3·10−6. The thermal neutrons from outside
the shield are completely absorbed.
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Table 11 Identified thermal power correlated γ-lines in the spectrum of the non-shielded CONRAD detector inside A408
during reactor ON time. The energy and branching ratios (br) from literature are given as well. The count rates marked with
* were measured as one-peak structure and the single count rates were extracted as described in the text. (1) and (2) mark the
different ways the MC is scaled. For (1), the measured thermal neutron fluence inside A408 has been used ((597±39) cm−2d−1
for 3.9GW) and thus the uncertainties of the BSS measurement result dominate the uncertainties. For (2), the MC has been
scaled with the number of neutrons expected to arrive at the outside wall from the ab initio calculation starting at the reactor
core ((477±20)·106 d−1 for 3.9GW). Here, only statistic uncertainties and uncertainties on the literature values are included.
energy [keVee] energy lit [keV] count rate [cts/d/GW] count rate MC [cts/d/GW]
53Fe(n,γ)54Fe
8790.9±0.6 8786.8±1.0 SEP 9.6±0.6 (2)9±1
9301.0±0.6 9297.8±1.0 (br 100%) 11.3±0.5 (2)11±1
56Fe(n,γ)57Fe
7280.0±0.7 7278.82±0.09 (br 20.69%) 11.5±1.1 (2)13±1
7632.8±0.1 7631.2±0.1 (br 100%) 137±4* (2)111±1
7646.6±0.1 7645.6±0.1 (br 86.21%) double peak
63Cu(n,γ)64Cu
7406.2±0.3 7405.26±0.08 SEP 27.2±1.3 (1)37±3
n. d. 7638.00±0.09 (br 48.94%) 15.7±1.6* (1)19±2
7916.9±0.2 7916.26±0.08 (br 100%) 29.7±1.0 (1)37±3
16O(n,p)16N
5106.96±0.01 5106.63±0.04 DEP 12612±146
5617.51±0.01 5617.63±0.04 SEP 49972±575
6093.28±0.04 6093.15±0.14 DEP 1605±21
6128.14±0.01 6128.63±0.04 (br 67.0%) 85086±979
6604.36±0.01 6604.15±0.14 SEP 7163±83
6915.0±0.4 6915.5±0.6 (br 0.038%) 155±4
7115.37±0.02 7115.15±0.14 (br 4.9%) 10097±116
7848.4±0.3 7847.3±0.5 DEP 31±1
8359.7±0.1 8358.3±0.5 SEP 135±2
8870.8±0.1 8869.3±0.5 (br 0.076%) 152±2
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Fig. 23 Correlation of thermal power to the count rate in the 6.1MeV γ-line of 16N. The curve is interrupted if no thermal
power data is available and during the calibration of the detector
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Table 12 Measured reactor neutron induced fluence rate outside the shield compared to the neutron fluence rate at the surface
of one CONUS HPGe diode inside the shield from MC for maximum thermal power of the reactor. The measured neutron
spectrum inside A408 has been used as input for the simulation. The definition of the En regions is identical to Table 6.
En region n outside shield [cm−2d−1] n arriving at diode [cm−2d−1] first n [cm−2d−1]
thermal 597±39 (0.39±0.04)·10−3 (0.36±0.04)·10−3
intermediate 142±19 (1.67±0.01)·10−3 (1.38±0.01)·10−3
fast 7±5 (0.17±0.03)·10−3 (0.14±0.03)·10−3
total 745±30 (2.24±0.10)·10−3 (1.89±0.10)·10−3
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Fig. 24 Spectrum of reactor-neutron induced neutrons at
one CONUS HPGe diode predicted by MC
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Fig. 25 Neutrons arriving at one CONUS HPGe diode plot-
ted against the energy of the primary neutrons. Dashed line
at 45◦ for orientation
7.2 Expected signal in p-type HPGe detectors
The neutrons at the diode with energies from the spec-
trum of Figure 24 interact with Ge by neutron capture
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Fig. 26 Expected MC spectrum within an HPGe diode from
reactor neutrons at low energies. The outcome of the MC
has been adapted to the detector response. Moreover, the
spectrum of events consisting of only Ge recoils is displayed
(mostly thermal neutrons), elastic scattering and in-
elastic scattering (mostly high energetic neutrons). In
elastic and inelastic scattering processes recoils of Ge
atoms can occur.
7.2.1 Detector response
To determine the expected energy spectrum in the de-
tector, the MC output has to be adapted to the true
detector response.
The MC does not take into account that the energy
deposition by a recoiling nucleus is not fully converted
into ionization energy. This material-dependent loss is
described by the quenching effect. It is included in the
post-processing of the MC by correcting the energy de-
position of recoils using the Lindhard theory with the
fit parameters including the adiabatic correction from
the measurement in [21]. The energy loss parameter k
[21] is set to 0.2 for a conservative approach in the es-
timation of a background contribution.
Moreover, using the parameters described in Sec-
tion 2.2, in the post-processing of the MC the transi-
tion layer and dead layer are included as well as the
efficiency loss towards the detection threshold. Finally,
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as there is no electronic response in the MC, the spec-
trum is folded with the energy resolution observed in
the background measurements.
7.2.2 Reactor neutron-induced contribution in HPGe
detector spectrum
For CEνNS, the recoil of Ge atoms is observed. Thus,
neutron-induced recoils are the most relevant
background source. In total, (0.58±0.03) d−1kg−1 Ge
recoils for the full reactor power occur by elastic and in-
elastic neutron scattering over the whole energy range
down to 0 keVee. For (37±3)% of the recoils, no ad-
ditional energy is deposited inside the diode and the
signature in the detector corresponds to the one ex-
pected from CEνNS. This can happen if the neutron
only interacts via elastic scattering and no additional
particles were created by the neutron traveling through
the shield. Alternatively, this is also possible if the γ-
rays created in an inelastic scattering process leave the
diode without further interaction.
In Table 13, for the neutron-induced contribution
the expected count rates are listed in the region of in-
terest of CEνNS and at higher energies compared to
the count rates observed at the experimental site during
reactor OFF time. The expected spectrum in the low
energy regime is displayed in Figure 26 as well as the
spectrum induced by recoil events without further en-
ergy depositions. The recoil events create an increasing
background towards the detection threshold. Above the
energy range displayed only a few events are scattered
over the whole spectrum. Furthermore, in Figure 27
the expected CEνNS signal is shown. The signal [1] has
been adapted to the CONUS experiment in internal
sensitivity studies and has been folded with the detec-
tor response as described for the neutron contribution
with the same energy loss parameter for quenching.
The figures and the plot clearly show that the
neutron-induced thermal power correlated background
is negligible for maximum reactor power over the whole
spectral range. The expected CEνNS signal exceeds the
neutron background by at least one order of magnitude.
Comparing the integral ranges outside of the region
of interest between reactor ON and OFF data for one
month of reactor OFF data and six months of reactor
ON data, the results are consistent with the findings
here.
7.3 Comparison to muon-induced neutron background
The dominant source of neutrons within the CONUS
shield are muon-induced neutrons. Contributions from
Table 13 Expected count rate by reactor neutrons inside
the CONUS shield for the maximum reactor thermal power of
3.9GW compared to the measured background during reactor
OFF time.
energy MC measurement
keVee [kg−1d−1] [kg−1d−1]
[0.3, 0.6] 0.006±0.002 12±1
[0.6, 11] 0.025±0.005 148±2
[11, 400] 0.15±0.03 716±16
the hadronic component of cosmic rays as well as neu-
trons from the (α,n) reactions are considered negligi-
ble. Muon-induced neutrons are created in the con-
crete and steel of the reactor building as well as in the
CONUS shield. The first contribution has been deter-
mined by the Bonner sphere measurement during reac-
tor OFF time as described in Section 3 and is propa-
gated through the shield in the same way as the reactor-
induced neutrons. The latter one has been approxi-
mated by using the outcome from simulations in the un-
derground laboratory at MPIK. The method has been
described in [14] and has been applied to the CONUS
shield in [51]. To correct for the thicker overburden, the
results have been scaled with a factor of 1.62−1 as de-
scribed in Section 3. Comparing the different neutron
fluence rates at the diode, with (10.8±0.2) cm−2d−1
most of the neutrons at the diode have been created by
muons inside the high-density materials of the shield,
followed by (0.126±0.005) cm−2d−1 muon-induced neu-
trons inside the overburden and the tiny contribution
of (0.0022±0.0001) cm−2d−1 from the reactor-induced
neutron component, which again illustrates the success-
ful suppression of neutrons from outside the shield. The
spectral shape of the neutrons is depicted in Figure 28.
Both, the neutron spectrum induced by muons inside
the shield and in the concrete propagated through the
shield, peak at fast neutron energies slightly below
1 MeV. The higher neutron energy leads to a recoil
spectrum that extends to higher energies.
To reduce the muon-induced background at shal-
low depth, the CONUS shield contains an active muon
veto with an efficiency of around 99%, effectively re-
ducing all prompt background components correlated
to muons passing through the shield by about two or-
ders of magnitude. This means that the prompt contri-
bution of muon-induced neutrons inside the shield will
be of the same order of magnitude as the one of the
muon-induced neutrons in the concrete overburden.
Figure 27 summarizes all the neutron-induced con-
tributions and the CEνNS signal. The muon-induced
neutron contributions created inside the concrete and
inside the shield (displayed without and with applied
muon veto) clearly dominate above the
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reactor-correlated contribution, but this is a steady-
state background constant during reactor ON and OFF
periods and thus can be distinguished from the CEνNS
signal in this way. It will be included as input in the
global fit for the background modeling of the CONUS
experiment.
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Fig. 27 Comparison of the reactor-correlated neutron spec-
trum at the HPGe (from MC) and the expected CEνNS
signal. The dashed line represents the steady-state muon-
induced neutron contributions (from MC) from neutrons cre-
ated in the concrete and inside the shield (reduced by the
muon veto). The short dashed line corresponds to the muon-
induced neutrons inside the shield without applied muon veto.
7.4 Reactor-induced γ-radiation inside CONUS shield
Mono-energetic γ-lines with the energies of two dom-
inant γ-lines from 16N observed with the CONRAD
detector above 2700 keV were propagated through the
CONUS shield. The wall adjoined to the space around
the reactor core had been chosen as starting point.
The simulation outcome was normalized by the num-
ber of γ-rays per day and 3.9GW. This amounts to
(50.0±0.7)·103 for the 6129 keV γ-line and to
(6.1±0.1)·103 for the 7115 keV γ-line, such that the mea-
sured count rates inside the CONRAD detector can be
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Fig. 28 Comparison of MC neutron spectra at the HPGe
diode from various sources
reproduced (see Section 11). Adding up the contribu-
tions from the MC and including the detector response,
a negligible integral count rate from 0 to 450 keV of
(11±2)·10−5 kg−1d−1 is determined. This is seven or-
ders of magnitude smaller than the measured back-
ground rate in Table 13. Thus, the 25 cm of Pb inside
CONUS completely shield this reactor-correlated con-
tribution.
8 Conclusions
The CONUS experiment is looking for CEνNS of re-
actor antineutrinos. It is located inside room A408 of
the commercial pressurized water reactor KBR at a
distance of only 17.1m from the reactor core where
the expected antineutrino flux is very high due to the
close reactor core proximity. Because of neutrons emit-
ted from the reactor core, but also due to the shallow
depth of 24m w.e., the CONUS experiment might be
exposed to a strong neutron-induced background. The
most challenging contribution is the one correlated with
the time-dependent thermal power: neutrons escaping
the reactor core can mimic the CEνNS signal; radioac-
tive decays of reactor neutron-induced 16N in the pri-
mary water loop cycle can generate events in the region
of interest. To study their impact on the CONUS en-
ergy spectrum, a multiple approach measurement cam-
paign was conducted. Especially the deployment of the
Bonner sphere spectrometer NEMUS and the HPGe
spectrometer CONRAD at A408 were crucial.
Bonner sphere measurements were carried out at
different locations inside A408, including the exact po-
sition of the later installed CONUS detectors. The cam-
paigns took place during reactor ON and OFF peri-
ods. The thermal power correlated neutron spectrum
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could be extracted from the difference of these two mea-
surement periods. From their difference and combin-
ing the information of the different spheres that are
part of the BSS, the thermal power correlated neu-
tron spectrum could be extracted. A total fluence of
(745±30) cm−2d−1 (for the maximum thermal power
of 3.9GW) was determined. About 80% of these neu-
trons are thermal, while the rest has a maximum energy
below 1MeV. Due to the low statistics of the measure-
ments and the large number of thermal neutrons, an ac-
curate description of the spectrum, especially at higher
neutron energies, requires the support of MC simula-
tions. In this MC, the thermalization process was ob-
served in detail in the propagation of the fission neu-
trons from the reactor core to room A408 in several
steps. Regarding the spectral shape, it confirms the
maximum neutron energy below 1MeV and reveals a
slope in the lethargy representation of the spectrum.
An overall reduction of the neutron fluence of 10−20
is predicted. Even for this large suppression factor and
the complex geometry with limited information avail-
able, this ab initio calculation reproduces the fluence
measurement approximately within a factor of 38.
For the γ-ray spectrometric measurement, the non-
shielded CONRAD detector was placed inside A408
close to the CONUS setup and operated during the re-
actor ON time. At high energies above 2.6MeVee, the
spectrum is dominated by γ-radiation emitted by de-
cays of isotopes produced via (n,p) reactions on 16O in
the water of the primary loop, but there are also γ-rays
from neutron capture on Fe isotopes inside the concrete
of the reactor building, as well as on Cu isotopes inside
the detector cryostat. At energies below 2.6 MeVee there
are contributions from natural radioactivity. Their con-
centrations were deduced via screening measurements
using concrete samples taken from A408. Moreover, the
concentrations in K, U, Th are comparable to the val-
ues obtained in standard concrete. The neutron cap-
ture γ-lines on the Cu cryostat of the detector could be
reproduced accurately by simulating thermal neutrons
within A408 and normalizing the MC with the BSS re-
sults. This confirms the result and validates the MC.
While the amount and geometry of the Cu is very well
known, there are only estimations of the iron content
inside the walls. The double peak structure of the de-
cay of 57Fe could be reproduced within 20%, for the
other iron γ-line peaks even a better agreement with
the measurement is achieved.
All the measurements carried out inside A408 can
be linked to the evolution of the thermal reactor power
over time. There are several experimental methods ap-
plied by KBR to monitor the thermal power and the
neutron flux around the reactor core. Using this infor-
mation, the thermal neutron count rate from the BSS
measurements as well as the count rate of the domi-
nant 16N γ-line are found to be highly correlated to the
reactor progression over time. Especially the high sta-
tistical precision of the γ-line at 1% within one hour of
data taking makes it possible to reproduce the ther-
mal power accurately on fine-grained time intervals.
Thus, the KBR thermal power monitoring systems can
be used to predict quantitatively the expected neutron
fluence at the CONUS specific location in A408 at any
time.
Finally, the impact of the measurement results on
the CONUS experiment has been evaluated. The mea-
surement results for the neutron fluence and the γ-line
background within A408 have been employed as input
of MC simulations. This part of the MC simulation
is very well validated due to long-term efforts by the
MPIK. Neutrons and γ-rays were propagated through
the well-known geometry of the CONUS shield towards
the HPGe diodes, which have been implemented in de-
tail in the MC simulation. The dead layer and transi-
tion layer, electronic detection efficiency and quenching
have been taken into account to be able to reproduce
the detector response comparable to measurements.
The γ-line background is successfully suppressed by
25 cm of Pb with a nearly constant attenuation cross
section for γ-lines of 2 to 10MeV within the CONUS
shield. This leads to a negligible contribution of the
order of 10−4 kg−1d−1 over the whole spectral range.
The neutrons are especially moderated and captured
by layers of borated PE. It has been found that the
reactor-correlated neutron fluence at the diode is two
orders of magnitude smaller than the non-reactor corre-
lated neutron background from muon-induced neutrons
in the shield and the concrete of the surroundings. The
expected spectrum fully folded with the detector re-
sponse is at least one order of magnitude smaller than
the expected CEνNS signal assuming a realistic ioniza-
tion quenching factor of about 0.2 in Ge at 77K.
The unique approach with multiple experimental
efforts combined with MC simulations of the reactor
neutron-related background has allowed to confine the
impact of this troublesome background on the CONUS
spectra. It will be of sub-dominant order for the experi-
ment. The approach further pinned down the difficulties
of such measurements, but also the great importance for
all experiments situated close to the reactor core look-
ing for fundamental neutrino interactions within and
beyond the standard model of particle physics.
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